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ABSTRACT

The matrix-isolation technique has been employed to measure the mid-infrared spectra of several

polycyclic aromatic nitrogen neterocycles in both neutral and cationic forms. The species studied

include: 7,8 benzoquinoline (C13H9N); 2-azapyrene (C15H9N); 1- and 2- azabenz[a]anthracene

(C 17I-I1 IN); and 1-, 2-, and 4-azachrysene (also C17H 1IN). The experimentally measured band

frequencies and intensities foJ each molecule are tabulated and compared with their theoretically

calculated values computed u:dng density functional theory at the B3LYP/4-31G level. The overall

agreement between experiment and theory is quite good, in keeping with previous investigations

involving the parent aromatic hydrocarbons. Several interesting spectroscopic trends are found to

accompany nitrogen substitut: on into the aromatic framework of these compounds. First, for the

neutral species, the nitrogen a,:om produces a significant increase in the total integrated infrared

intensity across the 1600 - 1100 cm -1 region and plays an essential role in the molecular vibration

that underlies an uncharacteri_',tically intense, discrete feature that is observed near 1400 cm -1 in the

spectra of 7,8 benzoquinoline 1-azabenz[a]anthracene, and 4-azachrysene. The origin of this

enhanced infrared activity anc the nature of the new 1400 cm q vibrational mode are explored.

Finally, in contrast to the parent hydrocarbon species, these aromatic nitrogen heterocycles possess

a significant permanent dipole moment. Consequently, these dipole moments and the rotational

constants are reported for these species in their neutral and ionized forms.

I. INTRODUCTION

Motivated in large par_ by their emerging importance in the field of astrophysics, the past

decade has witnessed a renais:;ance in the study of the fundamental molecular and spectroscopic

properties of polycyclic aromatic hydrocarbons (PAHs). Of particular interest has been the

prominent and ubiquitous interstellar infrared emission signature that belies the presence of this

class of compounds in a surpr sing variety of very disparate astronomical objects throughout our

galaxy. 1 The drive to better understand the role of PAils in the interstellar medium has catalyzed

the establishment of comprehensive theoretical and experimental programs to study the fundamental

spectroscopic characteristics of these species in both neutral and ionized forms. On the theoretical

side, beginning with the work of Langhoff 2, the use of density functional theory (DFF) to calculate

the harmonic frequencies and intensities of PAH species has revolutionized quantum chemical

analyses of large molecular sy,_;tems. This, coupled with rapid advances in computational power,

has facilitated calculation of the infrared spectra of a wide range of PAHs 2,3,4, many of which are

not accessible with current experimental techniques. 5 On the experimental side, the matrix isolation

technique has been particularly prolific in providing the infrared absorption spectra of many PAH



speciesunderconditionsrelevanttotheastrophysicalproblem.6,7,8 Thetheoreticalcalculations

provideavaluablecalibrationof themagnitudeof marx effectsin theexperimentaldatawhile the

experimentaldataprovideacleck for theeffectsof symmetrybreakingwhichcanseriouslyimpact

theaccuracyof thetheoreticalcalculations.9
In additionto thematrixexperimentsandDFT calculations,interestin moleculardynamics

coupledwith thecritical dataaeedsin theneighboringfield of astrophysicshavealsodriventhe

developmentof additional,elegantexperimentaltechniquesdesignedto exploretheinfrared

propertiesof PAHsin thegas-phase.UsingtheirSPIRES(SinglePhotoInfraRedEmission

Spectroscopy)technique,Say_:allyandcoworkershavedirectlymeasuredtheinfraredemission

spectrafrom severalvibrationallyexcited,neutralandionizedPAHsin thegasphaseunder

conditionsidenticalto thoseof theinterstellaremitters.10Thisworkhasyieldeduniqueinsightinto

thefundamentalphotophysicsof infraredfluorescencein PAHsandPAH ions,themechanism
believedtodrivetheobservedinterstellarinfraredemissionandgoverntheinterstellarUV/vis-to-IR

conversionprocess.Workingindependently,Meijerandcoworkershavepioneeredasensitive

cluster-dissociationtechniquefor directlymeasuredthevibrationalabsorptionspectrumof cold,

gas-phasePAH cationsin afr_ejet expansionusingthetunableinfraredbeamof afreeelectron

laser.11 This work has revealed important details about the vibrational properties of isolated gas-

phase PAH cations and proviCes a direct experimental measure of the matrix perturbations on the

vibrational spectra of PAH ioc s. Overall, the agreement between the data provided by these latter

techniques and those of the matrix experiments are surprisingly good. Together, these two new

techniques provide further evidence supporting the interstellar PAH model and the utility of matrix

isolation infrared absorption data for addressing the astrophysical problem.

The Astrochemistry laboratory at NASA Ames Research Center has an ongoing program to

study the infrared spectroscopic properties of PAils and PAH ions using a combination of

experimental matrix-isolation measurements and theoretical DFT calculations. Previous papers in

this series 8 have explored a variety of size and structural effects on the spectra of these species.

These data are also available ir electronic form on the internet at

<http://www.astrochem.org/pahdata/index.html>. This paper explores the effects of incorporating a

nitrogen atom in the aromatic network of several polycyclic aromatic species. For the first time the

IR spectra of these polycyclic ._romatic nitrogen heterocycles (alternatively PANHs; N-PAHs; or

aza-PAHs) and includes the following species in both their neutral and ionized forms: 7,8

benzoquinoline (C13H9N), 2-azapyrene (C15H9N), 1- and 2- azabenz[a]anthracene, and 1-, 2-, and

4-azachrysene (all C17Hll N) are presented. The structures of these species are shown in Figure 1.

This paper is laid out a:_follows. The experimental and theoretical methods are summarized

in section II. The spectroscopic characteristics of PANH neutrals and PANH cations are presented
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anddiscussedin sectionsKI.aandIII.b, respectively.Therotationalparametersfor thePANI-I

speciesconsideredherearepresentedin sectionIII.c. Thepaperis concludedwith sectionIV.

II EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental. The matrix isolation infrared spectroscopy techniques employed in these

studies have been described i:a detail previously 8b,e and will be summarized here only briefly.

Matrix isolated PANH sampl:_s were prepared by vapor co-deposition of the species of interest with

an over abundance of argon c,nto a 14K CsI window suspended in a high-vacuum chamber (p < 10 -8

mtorr). The PANH samples were vaporized from heated Pyrex tubes while argon was admitted

through an adjacent length of N2(/)-trapped copper tubing. Deposition temperatures for the

PANHs studied were as follows: 7,8 benzoquinoline, room temperature; 2-azapyrene, 40°C; 1-

azabenz[a]anthracene, 8 I°C; 2-azabenz[a]anthracene, 98°C; 1-azachrysene, 97°C; 2-azachrysene,

107°C; 4-azachrysene, 104°C, and. Due to their relatively high volatilities, 2-azapryene and 7,8-

benzoquinoline were deposited through a short length of heated copper tubing fitted with a valve

(Whitey model #SS-8BK). The valve was opened to admit the PANH vapor during deposition, but

otherwise was kept closed to prevent a continuous flow of this vapor into the sample chamber

throughout the experiment. ]Estimates based on the characteristic band intensities of PAHs and the

calibrated argon deposition rme place the Ar/PANH ratio in these experiments in excess of 1000/1 .Be

7,8-benzoquinoline (98+%) ,z as obtained from Sigma/Aldrich Chemical Co. The remaining PANH

samples used in these experirr ents were obtained from the National Cancer Institute's Chemical

Carcinogen Reference Standa-d Repository operated by the Midwest Research Institute. All

samples are of unspecified pu:-ity, however the absence any notable discrepant spectral features

between the theoretical and experimental spectra indicate impurity levels are no more than a few

percent.

Spectra from 6000 - 500 cm -1 were measured on either a Nicolet 740 or a Digilab Excalibur

b-TS 4000 FI'IR spectrometer using a KBr beamsplitter and N2(/)-cooled MCT detector. Each

spectrum represents a coaddit:on of between 500 and 1024 scans at a resolution of 0.5 cm -1. This

level of resolution is Critical fer detecting ion bands which fall near the position of a neutral band,

while the number of scans wa_ chosen to optimize both the signal-to-noise as well as time

requirements of each experiment. Integrated intensities (f z dO ) for individual bands were

determined using the WIN IR Pro spectrometer control/data analysis software package provided by

Digilab. Absolute intensities l A - , where N is the surface density of absorbers in

molecules/cm 2) for the experimentally measured neutral PANH bands were determined using the
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theoreticallycalculatedvalue_asfollows. Thetheoreticallycalculatedintensitiesfor all bands

between1600and500cm-1weresummedto obtainthetotalabsorptionintensityoverthisregion.

Thisrangewaschosento excludethecontributionsof thefar infraredbands(_ < 500cm-1)that

werenotmeasuredin theexperimentsandthoseof theCH stretchingbandswhichblendwith

overtone/combinationbandsin theexperimentaldataandwhoseintensitiesaresubstantially

overestimatedbythecalculations.3a,SeThetotaltheoreticallycalculatedabsoluteintensitywasthen

distributedovertheexperimentalbandson thebasisof thefractionalcontributionof eachto the

total1600to 500cm-1absorptionin theexperimentalspectrum:

Aye= ZA'hY]. Iret=;,)
j

1600_0>500

This method takes advantage of the fact that, while there may be significant band-to-band variability

in the accuracy of the calculat.:d intensity, the total intensity is expected to be quite accurate.

PANH cations were generated by in-situ vacuum ultraviolet photolysis of the matrix isolated

neutral PANH. This was accomplished with the combined 120 nm Lyman-_160 nm molecular

hydrogen emission bands (10.1 and 7.77 eV, respectively) from a microwave powered flowing H z

discharge lamp at a dynamic pressure of 150 mTorr. Comparison of the pre-photolysis neutral

spectrum to that measured after photolysis permitted identification of PANH ion features. 8h To

confirm the attribution of a photoproduct band to a particular PANH cation, parallel experiments

were conducted in which the argon matrix was doped with an electron acceptor, NO z and in some

instances CC14, at a concentration of approximately 1 part in 1000. The presence of this electron

acceptor quenches the formation of PANH anions and enhances the production of cations. For a

particular photoproduct band to be assigned to the PAN-'-/cation, it must grow in the presence of

the electron acceptor and do so in fixed proportion to the other bands attributed to the cation.

Assuming that all neut:al PANHs which disappear upon photolysis are converted into

cations, we can derive an upper limit to the ionization efficiency by measuring the percent decrease

in the integrated areas of the neutral bands that accompany photolysis. The upper limits for the

spectra reported here were: 7,_-benzoquinoline, 11% (in presence of NO2); 2-azapyrene, 11%; 1-

azabenz[a]anthracene, 3%; 2-a_abenz[a]anthracene, 10%; 1-azachrysene, 7%; 2-azachrysene, 13%;

and 4-azachrysene, 5%. Due to experimental difficulties, the results reported for 7,8

benzoquinoline are those of an Ar/NO 2electron acceptor experiment instead of the typical neat Ar

experiment No significant anion formation was observed in any of the compounds discussed in this

publication.

B. Theoretical. For the species treated here, the geometries are optimized and the harmonic

frequencies computed using density functional theory (DFT). Specifically, the hybrid 12 B3LYP 13



functionalwasutilized in conjunctionwith the4-31Gbasissets.14Calibrationcalculations3a,which

havebeencarriedoutfor selectedsystems,showthata singlescalefactorof 0.958bringsthe

B3LYP harmonicfrequencies',computedusingthe4-31Gbasissetintoexcellentagreementwith the

experimentalfundamentalfrezluencies.Forexample,for neutral1-azachrysenetheaverageabsolute

discrepancyis 5.4cm-1andthemaximumerroris 14.9cm-1. While theerrorcanbereducedby

increasingthebasisset(providedtheC-H stretchesarescaledseparately),theB3LYP/4-31Gresults

areof sufficientaccuracyto alow acriticalevaluationof experiment.The calibration calculations

also show that the computed B3LYP/4-31G intensities are accurate except for C-H stretches which

are, on average, about a factor of two larger than those determined in the matrix studies. 3a,Se While

the gas-phase data are very limited, it appears that the gas-phase intensities tend to lie between the

matrix and B3LYP values. 10, 1 It has also been observed that when two bands of the same

symmetry are close in energy, their relative intensities are sensitive to the level of theory, but the sum

of their intensities is very reliable.

In contrast to their hydrocarbon counterparts, the PANHs studied here all have significant

permanent dipole moments arid therefore exhibit pure rotational spectra. Although the rotational

spectra are not measured experimentally in this study, the relevant rotational constants and dipole

moments have been calculated from the Gaussian output. The B3LYP dipole moments are

computed at the center of mass, with the x, y, and z axes aligned along the principle moments of

inertia. The rotational constar ts are computed using the equilibrium B3LYP geometry, with

vibrational contributions to the geometry neglected.

All calculations were performed using the Gaussian 98 computer code. 15. The net charge

on each atom is determined u_ing the Mulliken population analysis. To aid in the analysis, the

vibrational modes and displacement vectors are viewed using the interactive molecular _aphics tool

MOLEKEL. 16
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III. RESULTS

A. The 4000 to 500 cm 1 spectra of neutral PANHs. The measured mid-infrared spectra of

the argon matrix isolated PA/'CI-Is considered in this study are presented according to family.

Figure 2 shows the spectra of 1-, 2-, and 4-azachrysene. Figure 3 shows the spectra of 1-, and 2-

azabenz[a]anthracene. Figure_ 4 and 5 show the spectra of 2-azapyrene and 7,8-benzoquinoline,

respectively. -The spectrum of the corresponding parent hydrocarbon of each family is included in

each case for reference. The cbserved band positions and intensities are tabulated and compared to

their theoretically calculated wdues grouped in analogous fashion with the azachrysenes in Table 1,

the azabenz[a]anthracenes in Table 2, and 7,8-benzoquinoline and 2-azapyrene in Table 3.



Closeinspectionof Tables1-3showsthat,aswith mostPAHspreviouslystudied,the

agreementbetweenthemeast:redpeakpositionsandtheirtheoreticallycalculatedcounterpartsis

generallygood. Most measuredbandslie within 5to 10cm-1of predictedvalues,somewithin 20

cm-1andonly afew differby asmuchas30cm-1. However,thevariationbetweenthemeasured

andcalculatedbandintensitie_aresignificantlylarger,withdifferencesof factorsof threeor more

common.In spiteof this,theoverallagreementbetweentheoryandexperimentis reasonable,and
thecalculatednormalmodes,charge distributions, dipole moments, etc. provide valuable insight into

the molecular characteristics.

In principle, nitrogen mbstitution in the carbon skeleton of an aromatic compound

introduces three new categories of vibrational modes--aromatic CN stretching, and CNC in-plane

bending and out-of-plane war_ing modes, the latter of which fall primarily in the far-infrared region

below 500 cm -1. These N-involved vibrations cannot, however, operate independently from the rest

of the molecule. Instead, the5 mix to varying degrees with other CC and CH modes of the same

symmetry and similar energy to produce the normal modes of the molecule. Consequently, it is

difficult, if not impossible, to dentify specific features in the mid-infrared spectra of PANHs that

can be unambiguously attributed to vibrations involving the nitrogen atom. Instead, it is more

precise to speak in terms of mtrogen-dominated modes--modes to which motion of the nitrogen

atom contributes a disproporti:?nately large fraction of the infrared activity. These contributions

have been quantified through analysis of the individual atomic displacements associated with each

vibrational mode in the Gauss: an output.

In general, nitrogen-dcminated modes will fall at lower frequencies than the analogous pure

carbon modes of aromatic hydrocarbons, due to the larger mass of the N atom. Nevertheless,

despite this shift, inspection ol Figures 2-5 shows that, in the neutral species, nitrogen substitution

is not accompanied by the appearance of any prominent bands in regions of the spectrum that

would clearly distinguish them from the modes of the parent aromatic hydrocarbons.

Consequently, it is not possibl_ to distinguish the nitrogen-dominated vibrational modes of PANHs

on the basis of the experimental data alone. Turning to theoretical data, decomposition of the

individual atomic displacemen_:s of the calculated vibrations reveals that modes dominated by CN

stretching and CNC in-plane bending tend to fall in the 1100-1000 cm -1 region. Indeed, close

inspection of Figures 2-5 does reveal a general increase in infrared activity in this region for the

PANHs compared to their parent PAH. These modes are, however, weak to very weak (Ire 1%0.1)

and are not even included in Tables 1-3. This explains the failure of these modes to produce a

notable impact on the appearav ce of the observed spectra. As mentioned previously, the out-of-

plane CNC warping modes make their greatest contributions to the lowest frequency modes of the

molecule. Although many of t'_ese fall in the far-infrared region of the spectrum, several modes in



the600- 500cm-1regionha,TebeenfoundtocarrysignificantCNCout-of-planewarpingcharacter

aswell.

Despitetheglobalsi_filaritybetweenthespectraof theneutralPANHsandthoseof their

parentPAHs,therearetwo a:_pectsof thespectrashownin Figures2-5 thatsetthespectraof

nitrogen-bearingaromaticsapart.First,inspectionof thesefiguresshowsthatnitrogenaddition

inducesapronounced,globalenhancementof thefeaturesin theregionbetween1650and1100cm-

1,reminiscentof thespectralchangethataccompaniesionization.7a,SaThisbehaviorisquantified

inTable4 whichshowstheit_tegratedintensityacrossthe1600to 1100cm-1region,aswell asthe

integratedintensitiesacrossthe 1100to 500and3100to 3000cm-1regions,for eachof thespecies

in Figures2-5. Themodesthatfall in the1600to 1100cm-1regioncorrespondto thearomaticCC

andCN stretchingandCH inplanebendingvibrations.For thePANH species,thetotal absorption

intensityis twicethatof thecorrespondingPAH. For 2-azapyrene(C2vsymmetry),7,8-

benzoquinoline,andthethreeazachrysenes(allCssymmetry)thismay,in part,bedueto ageneral

increasein thenumberof infraredactivemodesresultingfrom thelowersymmetryof thePANH

speciescomparedto theparert PAHs(pyrene,D2h;phenanthrene,C2v,chrysene,C2h).However,

thiseffectisalsoobservedin :heazabenz[a]anthracenes(Cssymmetry)whichsharethesame

symmetryastheirparentPAI-[,sothiseffectcannotbesolelyattributedto loweringof the

molecularsymmetry.
Table4 alsoshowsthat,for theneutralspecies,nitrogeninsertiondoesnot substantially

alterthetotalabsorptionintensityof theCH out-of-planebendingandskeletaldeformationmodes

in the1I00 to 500cm-1region. However,theCH stretchingmodesin the3100to 3000cm-1are

mildly suppressedbyapproxinaately25%. Theseeffectsarealsosimilarto thatfoundto

accompanyionization,althoughtheenhancementof theCC stretching/CHin-planebendingmodes
andthesuppressionof theCI-Jstretchingmodesis moremodestthanthatwhich accompanies

ionization.Together,theseobservationssuggestthatsubstitutionof theelectronegativenitrogen
atomin thearomaticnetworkof thePANHsproducesapseudo-ionizationeffect. Indeed,this

hypothesisis supportedby ananalysisof theaverageMulliken populationson thecarbonatomsof
thePANt-IsandtheirparentP_t-Islistedin Table5. In all cases,nitrogeninsertionmodifiesthe

averagechargeoneachcarboratomto thepointthatit morecloselyresemblesthechargeonthe
carbonatomsof theparentPAH cation than that of the the parent neutral PAH. Hence, the

observed pseudo-cationic nature of the mid-infrared spectra.

The second unique inf uence of nitrogen substitution on the infrared spectra of neutral

PANHs is the appearance of a significant new band near 1400 cm -1 for 1-azabenz[a]anthracene, 4-

azachrysene, and 7,8 benzoquinoline. This feature is marked with an arrow in Figures 2, 3, and 5.



In each of the species showing this feature, the nitrogen is para to a CH group. The vibrational

motion that gives rise to this tmcharacteristically strong feature is illustrated for 7,8-benzoquinoline

in Figure 6. The mode is dor_ninated by a rocking of the CNC bond combined with a exaggerated

in-plane wagging of the para CH group. Only one of the molecules considered in this study, 1-

azachrysene, shares this structural characteristic but does not show an unusually intense feature in

the vicinity of 1400 cm-I. Analysis of the atomic displacements in for this mode in the Gaussian

output shows that in this molecule, out of phase CH in-plane motions elsewhere in the molecule

effectively quench the intensi_y of the mode.

B. The 4000 w 500 cm -I spectra of PANH cations. The spectra of the argon matrix

isolated 1-azachrysene, 2-aza, chrysene, and 4-azachrysene cations are compared to that of the parent

chrysene cation in Figure 7. l_ikewise, the spectra of the 1-azabenz[a]anthracene and 2-

azabenz[a]anthrecene cations are compared to the benz[a]anthracene cation in Figure 8; the

spectrum of the 2-azapyrene cation is compared to that of the pyrene cation in Figure 9; and the

spectrum of the 7,8-benzoquir_oline cation is compared to that of the phenanthrene cation in Figure

10. The observed band positi )ns and relative intensities of the azachrysene cations, the

azabenz[a]anthracene cations, the 2-azapyrene cation, and the 7,8-benzoquinomline cation are

tabulated and compared to their theoretically calculated values in Tables 6, 7, and 8, respectively.

For the ions, due to uncertainlies in establishing ion concentration and charge effects within the

matrix, only relative band intensities are reported for the experiments.

Inspection of Tables 6-8 reveals frequency discrepancies between theory and experiment

that are somewhat higher than for the neutral species described above. For the cations, although the

positional agreement between theory and experiment is similar to or only slightly poorer that that

observed for the neutral species, more striking is the substantially larger number of bands predicted

by theory than are observed in the experimental data. The most probable explanation for the lower-

than-expected number of observed cation bands is the pseudo-ionization effect discussed in the

previous section. Given that r eutral PANH molecules exhibit some of the spectroscopic character

of ionized species, it is likely that the average band position shift induced by ionization is less than

that observed for the aromatic hydrocarbon cations studied previously. Since photolysis of a

neutral sample even under the best of conditions converts only ca. 10% of the precursor neutral

species into cations, screening of cation bands by residual neutral bands in the post-photolysis

spectra represents a relatively greater problem for the PANH species considered here. For example.

consider the CH out of plane [.ending features of the 4-azachrysene cation observed at 777.3, and

754.4 cm -_ (theo_,: 781.5, ant 758.9 cml). These positions are nearly identical to the

corresponding features of the neutral molecule visible at 778.1, and 753.2 cm -1 (theory: 781.5, and

755.5 cm-1). Indeed, these ca ion features are completely subsumed by their stronger, neutral
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counterpartsin thepost-photc_lysisspectrumandareobservablein thedifferencespectrum(Figure

7)only byvirtueof their intrinsicstrength.For weakerbandsthiswill notbethecase,andit is

likely thatahighproportionof thesebandsarenotobservablein theexperimentaldata.This is

particularly true for the CH slretching region between 3100 and 3000 cm -1 where, as has been the

case with previous IR studies of positively charged aromatic molecules, the strongly suppressed

cation bands cannot be differc:ntiated from the strong bands of the parent neutral. Again, relative

intensity differences are grealer than those associated with the band positions, with differences of a

factor of 2 being common an:l some considerably higher.

Overall, the effects of ionization on the infrared spectra of PANHs are similar to those

observed previously for PAH_. These effects are quantified in Table 9 which compares the total

theoretically-calculated absorgtion intensities in the 1100 - 500 cm -1, 1600 - 1100 cm -1, and 3150 -

2950 cm -1 regions for PANHs in their neutral and cationic forms. The analogous experimental

data is not shown due to the incomplete coverage of these features in that data as discussed above.

For the bands in the 3150 - 2950 cm -1 region, the effect of ionization on the PANH spectra is

identical to that observed for r:he analogous PAHs and involves a suppression by nearly an order of

magnitude. Summing the intcmsities of the bands in the 1100 - 500 cm -1 region we find a modest

but sigrfificant 40% enhancement of the total absorption intensity in this region. This result would

seem to be at odds with our p-evious reports that the strongest CH out-of-plane bending modes of

PAHs are modestly suppress_ d by ionization. 8b,c,d,h However, those earlier reports focused

individually on only the strongest bands in this region, not the composite behavior of all the bands

in the region. Indeed, emplo? ing the analogous analysis, 8b the experimental PANH data do indicate

that, ionization produces a suppression of the individual PANH CH out-of-plane bands entirely

consistent with that noted previously for the parent aromatic hydrocarbons. Clearly, there is

sufficient enhancement in the other modes that fall in this region of the mid-infrared (e.g. skeletal

distortion modes) that, taken _s a group, the total integrated intensity increases. For comparison, the

theoretical calculations indica: e that the individual CH out-of-plane modes in PANHs are, on

average, virtually unchanged by ionization. Thus, these data are also in agreement that the observed

global enhancement of the intensity in the 1100 - 500 cm -1 region arises from modes other than the

dominant CH out-of-plane beads.

Although the 1600 - 1100 cm -1 modes in PANHs are strongly enhanced by ionization, that

enhancement is roughly half tlat observed for the analogous PAHs. This is understandable in

terms of the pseudo-ionization effect that substitution of the e]ectronegative nitrogen atom into the

carbon skeleton has on these modes (see §III.A)--the charge distribution on the carbon skeleton of

a neutral PANH is already intermediate between that of a neutral PAH and that of its (the PANH's)
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cation; consequently, the magnitude of the ionization effect is somewhat attenuated. Taking all of

the above into account, the tctal absorption intensities of the PANH cations do not differ

significantly from that of the analogous P_&I cations.

In the previous sectio:l, it was noted that the higher electronegativity of the nitrogen atom

decreases the electron density surrounding the carbon atoms in the neutral PANH, creating the

pseudo-ionization effect and enhancing CC and CH modes. It is natural to expect that the

formation of a PANH cation, which would lower the electron density surrounding the nitrogen

atom, would significantly ent- ance the nitrogen-dominated modes. Indeed, according to the

Gaussian results, modes exhibiting appreciable amounts of nitrogen motion exhibit enhancements

analogous to those observed in the CC stretching and CH in-plane bending modes. The

characteristic regions for the nitrogen dominated modes are similar to those observed for the neutral

species: 1100-1000 cm -1 for modes involving significant CN stretching or CNC in-plane bending;

600-500 cm -1 and below for modes involving significant CNC out-of-plane warping.

C. PANH Dipole Moments. By virtue of their permanent dipole moments, PANHs will

exhibit pure rotational spectra making them potentially attractive candidates for an astronomical

search. In view of this potent,al, the rotational constants and dipole moments for the species studied

here have also been calculated using the Gaussian output. The components of the dipole moment

along each of the molecules' rotational axes and the rotational constants about each of these axes are

summarized in Table 10. Pre,,ious studies of the benzene molecule indicate that these quantities are

likely accurate to within 1%.

All the PANH species considered in this study are asymmetric top molecules (i.e. the

moments of inertia about eacln of the molecule's three internal coordinate axes is different). The

rotational axes of each molecule are identified as a, b, and c on the basis of the moment of inertia, I,

about each axis and according to the convention Ia < Ib < Ic. The rotational constants about the a, b,

and c axes are denoted A, B, aad C, respectively and are determined by the standard expression:

h
Q-

4 xq

where Q (= A, B, or C) is the rotational constant and Iq is the moment of inertia about the q axis.

These rotational constants conespond to rotational transitions that fall in the centimeter-wavelength

range of the radio region of the- electromagnetic spectrum.

The B3LYP dipole moments are computed at the center of mass of each molecule, with the x

(horizontal), y (vertical), and z (normal to the plane of the figure) axes aligned along the principle

moments of inertia. The ma_itude and direction of these dipole moments are indicated by the

arrows next to each structure in Figure 1. Arrows for both the neutral (black) and cationic (gray)

forms of each species are included in the diagram and the arrows point from negative to positive end
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of theassociateddipole. Perusalof Figure1andTable10showsthat,onaverage,PANHsall

possesssubstantialdipolemomentswith thoseof ionizedPANHsbeingsomewhatlargerthan
neutralPANHs. NeutralPANHshavedipolemomentswhichrangefrom 1.67to 3.37Debyewhile

thevaluesfor positivelychargedPANHslie between2.24and5.44Debye.For theseplanar

species,thecomponentsof thesedipolemomentsarenecessarilyconfinedto theplaneof the

molecule,asobservedin Tabe 10(/xc- 0 inall cases).For reference,thedipolemomentsfor CO,

H2CO,andHC3Nare0.117,2.34,and3.6Debyerespectively.

V. CONCLUSIONS

Themid-infraredspectraof theargonmatrixisolated,N-containingaromaticcompounds

7,8benzoquinoline(C13H9N ,,2-azapyrene(C15H9N),1-and2- azabenz[a]anthracene(C17H1IN),

and1-,2-, and4-azachrysene(alsoC17HllN) in theirneutralandcationformsarereported.

Comparisonsbetweentheses?ectraandspectracomputedusingdensityfunctionaltheoryat the

B3LYP/4-31Glevelis quitegood,consistentwithearliercomparisonsonhomonuclearpolycyclic

aromatichydrocarbons.
Nitrogeninsertionindicesseveralnewspectroscopictrendsfor thearomaticfamily of

molecules.For theneutralspecies,nitrogeninclusioncausesunusualintensityenhancementsfor

bandsbetween1600and110C_cm-1,theCC stretchingandCH in-planebendingvibrations,and

inducesnewIR activitynear1400cm-1,correspondingto amodewhichis characteristicof a

particularN substitutionsite. Uponionization,thespectraleffectsaresimilarto thosereported

previouslyfor thecorrespondingaromatichydrocarbonspecies.AlthoughtheCN,CC,andCH
vibrationalmotionsareheavilymixedin thevibrationalmodesof theneutralandcationicPANH

speciesconsideredin thisstudy,severalmodesin the1100-1000cm-1regionwerefoundto carry

significantcontributionsfrom CN stretchingandCNCin-planebendingwhileseveralmodesin the

600-500cm-1regionwerefoundto carrysignificantcontributionsfrom CNCout-of-planewarping
motions.

Calculateddipolemomentsandrotationalconstantsarealsopresentedfor boththeneutral

andcationicstatesof thesepolar,asymmetrictop species.Therotationalparametersfor the

PANHsstudiedhereindicatet_atthesespecieswill exhibitcentimeter-wavelengthpurerotational

spectrain theradioregionof theelectromagneticspectrum.
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FIGURE CAPTIONS

Figure 1. The structures of the PANH species considered in this study. Small open circles

represent hydrogen atoms; large open circles represent carbon atoms. The large filled circle

represents the nitrogen atom in each structure. The "x" in each structure indicates the location of

the center of mass of the mo ecule. The arrows to the right of each structure indicate the

magnitude and orientation of the calculated dipole moment for each molecule. In each case, the

black arrow represents the d pole moment of the neutral species while the gray arrow represents

the dipole moment of the cation. The "a" rotational axis is horizontal, the "b" rotational axis is

vertical, and the "c" rotational axis is normal to the plane of the figure.

Figure 2. The mid-infrared _pectra of 1-, 2-, and 4-azachrysene isolated in an argon matrices.

The spectrum of the parent hydrocarbon, chrysene, is shown for reference. All matrices were

deposited and measured at 14K. The argon to PANH/PAH ratio was in excess of 1200/1. The

arrow indicates the feature &scussed in § III.a. An asterisk (*) indicates the position of a

contaminant band (primarily H20).

Figure 3. The mid-infrared s:_ectra of 1- and 2-azabenz[a]anthracene isolated in an argon

matrices. The spectrum of the parent hydrocarbon, benz[a]anthracene, is shown for reference.

All matrices were deposited _md measured at 14K. The argon to PANH/PAH ratio was in excess

of 1200/1. The arrow indicates the feature discussed in § III.a. An asterisk (*) indicates the

position of a contaminant band (primarily H20 ).

Figure 4. The mid-infrared s:_ectrum of 2-azapyrene isolated in an argon matrix. The spectrum

of the parent hydrocarbon, p x rene, is shown for reference. All matrices were deposited and

measured at 14K. The argon to PANH/PAH ratio was in excess of 1200/1. An asterisk (*)

indicates the position of a contaminant band (primarily H20 ).

Figure 5. The mid-infrared spectrum of 7,8-benzoquinoline isolated in an argon matrix. The

spectrum of the parent hydrocarbon, phenanthrene, is shown for reference. All matrices were

deposited and measured at 14K. The argon to PANH/PAH ratio was in excess of 1200/1. The
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argon to PANH/PAH ratio was in excess of 1200/1. An asterisk (*) indicates the position of a

contaminant band (primaril> H20).

Figure 6. The relative atomi : displacements contributing to the nominal "1400 cm -1" vibrational

mode in 7,8-benzoquinotine.

Figure 7. The mid-infrared _pectra of the 1-, 2-, and 4-azachrysene cations isolated in argon

matrices at 14K. The spectrum of the chrysene cation is shown for reference. The spectra are the

difference between the spectra of the argon matrix-isolated samples measured before and after

Lyman-c_ photolysis. The brads marked by an asterisk (*) are contaminant photoproducts.

Figure 8. The mid-infrared spectra of the 1- and 2-azabenz[a]anthracene cations isolated in argon

matrices at 14K. The spectrum of the benz[a]anthracene cation is shown for reference. The

spectra are the difference bet_veen the spectra of samples in measured before and after in-situ Ly-

cz photolysis. Due to experirlental difficulties, the 2-azabenz[a]anthracene spectrum is a

combination of data from tw,) experiments. The 1600-1000 cm" 1 portion of the spectrum is

taken from a neat argon matrix-isolated sample while the 1000-700 cm -1 portion is taken from a

sample in which the argon m ttrix was doped with the electron acceptor NO 2 (Ar/NO2-1000/1).

The two spectra were scaled to compensate for differences in the ion yields of the two

experiments. The bands marked by an asterisk (*) are contaminant photoproducts.

Figure 9. The mid-infrared spectra of the 2-azapyrene cation isolated in an argon matrix at 14K.

The spectrum of the pyrene c _tion is shown for reference. The spectra are the difference

between the spectra of the arc on matrix-isolated samples measured before and after Lyman-ot

photolysis. The bands marked by an asterisk (*) are contaminant photoproducts.

Figure 10. The mid-infrared, pectra of the 7,8-benzoquinoline cation isolated in an argon matrix

at 14K. The spectrum of the phenanthrene cation is shown for reference. These spectra are the

difference between the spectr t of samples measured before and after in-situ Ly-cz photolysis.

Due to experimental difficulties, the 7,8-benzoquinoline cation spectrum is a combination of data
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from two experiments.The 1600-1000cm-1portionof thespectrumis takenfrom a samplein

whichtheargonmatrix wasdopedwith 1part in 1000of CC14while the 1000-700cm-1portion

is takenfrom asamplein wtich theargonmatrix wasdopedwith 1part in 1000of NO2. The

two spectrawerescaledto compensatefor differencesin the ion yieldsof thetwo experiments.

Thebandsmarkedby anasterisk(*) areargonphotolysisproducts.
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Table 1. Theoretical and experimental band 9ositions and intensities for the neutral azachrysenes, a

1-azachrysene
THEORY

A
(cm- 1) k"_,,o t Irel F

234.1 7.1 0.114 A"

477.8 12.7 0.203 A'

576.9 0.6 0.010 A'

584.1 5.7 0.092 A"

671.7 3. l 0.050 A'

682.6 1.4 0.023 A"

751.4 20.7 0.331 A"

"7_'1 ":t O'TQ n,] ¢ ,,......... 'L. 4"

801.8 62.5 1.000 A"

837.2 12.0 0.192 A"

847.8 22.9 0.367 A"

855.8 2.2 0.035 A'

867.4 4.6 0.073 A"

875.9 1.2 0.018 A'

1139.8 1.9 0.030 A'

1227.7 0.3 0.005 A'

1237.3 3.4 0.055 A'

1247.2 2.4 0.038 A'

1259.4 11.2 0.179 A'

1293.6 3.9 0.062 A'

1351.8 9.6 0.154 A'

1400.0 14.6 0.233 A'

1418.9 7.1 0.114 A'

1434.9 3.9 0.062 A'

1478.6 30.3 0.485 A'

1504.7 9.2 0.148 A'

1518.3 1.5 0.024 A'

1568.0 10.9 0.174 A'

3050.9, 3051.5, 3059.0, 3073.0,

3075.1, 3081.3, 3086.2,

3099.4", 3105.9

SUM 196.7 3.15 A'

EXPERIMENT

A

(cm-l) km/_ot Irel

576.2 8.3 0.19

674.9
5.2 0.12

677.1

747.5 23.5 0.54

, '-'_ ._ JJ.k_ U.Oz.

797.1" 43.7 1.0

832.7 8.5 0.19

837.4*
19.3 0.44

863.8* 7.0 0.16

1136.7 4.5 0.10

1233.6 5.1 0.12

1240.7 5.5 0.13

1248.2 4.5 0.I0

1255.5 6.4 0.15

1263.8 7.0 0.16

1297.7" 8.3 0.19

1380.2" 5.9 0.14

1410.3 12.9 0.30

1430.5" 8.5 0.19

1438.1 4.5 0.10

1489.4 34.4 0.79

1518.7" 14.4 0.33

1580.4 0.8 0.02

:3045.4, 3065.7,3077.5*,
3093.8

SUM 57.5 1.30

2-azachrysene
EXPERIMENT

A
(cm-1) k"//,,o t Irel

563.3 11.5 0.18

699.6* 23.1 0.37

752.3 62.6 1.00

787.6 5.6 0.09

804.3 14.8 0.24

_I_._ ÷ 33.U U._

839.9 1.3 0.02

856.3
8.2 0.13

857.8

864.3 5.6 0.09

1028.3" 10.9 0.17

1049.8
6.6 0.11

1051.3

1268.9" 26.0 0.42

1401.8" 15.8 0.25
1439.8 13.8 0.22

1480.7 17.8 0.28

1572.9 2.6 0.042

1579.8 10.2 0.163

1586.4 7.6 0.121

1604.4 9.9 0.16

THEORY

a

(cm- 1) km/_nlol Irel F

423.4 6.1 0.095 A"

564.1 6.5 0.101 A"

565.2 3.2 0.051 A'

699.9 18.7 0.292 A'

754.1 55.1 0.864 A"

786.0 6.1 0.096 A"

806.3 6.0 0.095 A"

325.6 63.S t.uuu A

840.7 7.1 0.111 A"

848.8 9.2 0.144 A'

867.8 6.4 0.100 A"

1020.1 10.6 0.167 A'

1030.1 1.9 0.030 A'

1043.4 0.6 0.009 A'

1264.5 19.9 0.312 A'

1384.2 8.2 0.128 A'

1428.6 10.3 0.161 A'

1434.5 3.1 0.049 A'

1471.4 24.1 0.377 A'

1547.6 6.1 0.096 A'

1562.5 27.5 0.431 A'

1589.2 17.8 0.278 A'

1603.0 5.9 0.092 A'

3036.5, 3053.2, 3054.9, 3060.0,

3068.5, 3076.5, 3087.0, 3102.3,
3104.1

SUM 205.6 3.73 A'

2968,3005,3037*,
3062",3103"

SUM 92.3 1.47

THEORY

A

(cm- 1) km//mo I Irel

4-azachr_sene

EXPERIMENT
F _' A

(cm-1) km//mol Irel

240.2 5.5 0.106 A"

491.0 7.3 0.142 A'

672.6 3.3 0.064 A'

683.8 8.2 0.159 A'

755.3 27.0 0.525 A"

781.5 51.5 1.000 A"

815.5 36.6 0.710 A"

83/.2 18.9 0.366 A"

851.4 7.3 0.141 A'

861.9 7.7 0.150 A"

871.6 12.2 0.238 A"

1072.2 3.6 0.069 A'

1163.6 7.5 0.146 A'

1176.9 1.8 0.035 A'

1190.4 3.3 0.064 A'

1266.1 9.1 0.177 A'

1307.2 3.4 0.065 A'

1375.7 13.4 0.261 A'

1393.3 36.3 0.704 A'

1427.3 5.2 0.100 A'

1480.0 12.3 0.238 A'

1490.5 11.6 0.226 A'

1542.1 7.3 0.141 A'

1580.2 14.2 0.275 A'

1585.3 18.3 0.355 A'

3049.3,3050.5,3052.3,3056.5,

3057.8, 3073.6,3083.4, 3086.0,

3098.3,3107.3
SUM 215.0 4.17 A'

675.4 6.6 0.16

683.0 5.0 0.12

753.2 26.7 0.64

778.0 41.6 1.00

805.9 9.9 0.24

830.2 17.6 0.42

843.4 6.2 0.15

856.8 4.7 0. ll

866.0 5.5 0.13

1081.4 4.0 0.10

1153.9 2.3 0.06

1163.8, 4.8 0.12
1167.7

1186.9 4.0 0.10

1257.4 4.2 :, 0.10

1266.0 3.1 0.07

1311.8 5.8 0.14

1394.3 9.2 0.22

1408.0 31.9 0.77

1428.9" 6.9 0.17

1487.6 14.0 0.34

1506.5,
7.8 0.19

1510.0

1532.4 0.3 0.01

1579.1 4.0 0.10

1599.4 23.0 0.55

3003,3030,3034,

3060",3072,3090,3105

SUM 83.7 2.01

a _ data truncated at the 10% relative intensity level. The complete, untruncated tables are available electronically at www.astrochemistry.org/pahdata/index.html.

* - indicates strongest member(s) of a multiplet.



Table 2. Theoretical and e_perimental band positions and intensities for the neutral

azabenz [a] anthrac e n es. a

THEORY

0 A

(cm-1) km/_ol Irel

1-azabenz[a]ar, thracene
EXPERIMENT

r, _ A
(cm-1) _/mol Irel

477.0 11.6 0.222 A"

579.6 7.3 0.139 A'

649.9 4.2 0.080 A'

701.6 10.1 0.194 A"

745.4 32.3 0.618 A"

776.3 20.5 0.392 A"

816.7 30.6 0.585 A"

847.4 3.4 0.064 A"

874.6 5.8 0,110 A'

895.0 42.7 0.817 A"

937.2 1.6 0.031 A"

962.8 10.6 0.202 A"

1154.5 5.2 0.100 A'

1164.2 10.4 0.200 A'

1273.8 6.4 0.122 A'

1284.1 5.3 0.102 A'

1305.4 2.3 0,043 A'

1396.6 52.3 1.000 A'

1414.3 1.1 0,021 A'

1432.9 17.0 0.324 A'

1444.0 1.2 0.023 A'

1481.7 14.1 0.269 A'

1518.5 22.0 0.421 A'

1567.3 9.1 0.174 A'

1610.0 7.5 0,143 A'

3046.7, 3051.9, 3056.2, 3065.3,

3065.6, 3079.8, 3086.9

SUM 211.6 4.04 A'

576.3 8.6 0.16

646.3 6.9 0.13

694.4 11.3 0.21

741.4 34.1 0.63

773.2 21.6 0.40

804.0 23.7 0.44

825.8 9.0 0.17

8844 41.6 0.77

914.3 13.2 0.24

954.1 5.6 0.10

1133.6 7.4 0.14

1150.3 10.3 0.19

1269.6 5.3 0.10

1287.4 2.6 0.05

1310.5 5.2 0.10

1415.9 54.2 1.00

1440.9 14.7 0.27

1451.2 5.3 0.10

1493.5 10,7 0.20

1543.4 21.6 0.40

1563.8 6.0 0.11

1601.7 4.4 0.08

2995,3018,3052',

3059*,3067*,3089

SUM 132.2 2.44

2-azabenz [_a.]anthracene
THEORY

A F

(cm-1) _n/mol Irel

469.1

519.3

582.4

744.2

759.2

845.0

852.1

874.5

889.0

1221.4

1239.2

1431.1

1,446.3

1480.8

1565.8

1588.5

1609.8

1617.1

11.3 0.172 A"

6.7 0.103 A"

9.5 0.144 A"

40.5 0.616 A"

7.9 0.120 A'

12.7 0.194 A"

13.2 0.201 A"

2.3 0.035 A'

65.7 1.000 A"

8.3 0.126 A'

14.7

12.6

1226.1

0.224 A' 1239.7"

0.192 A' 1434.2

7.3 0,111 A'

7.7 0.117 A'

31.0 0.472 A'

6.3 0.096 A'

3.8 0.058 A'

6.4 0.097 A'

3048.0,3062.6, 3066.3, 3068.6,

3077.5,3081.0,3082.1

SUM 207.7 3.16 A'

A
(cm'l) _/mot Irel

513.9 10.4 0.15

576.1 11.4 0.17

741.3* 49.6 0.74

767.9 8.1 0.12

838.3 12.2 0.18

845.1 15.9 0.24

883.7* 67.3 1.00

2.4 0.04

25.8 0.38

1.8 0.03

1447.7, 16.5 0.24
1451.0

1496.1 2.2 0.03

1586.4 1.6 0.02

1606.0" 20.3 0.3 b

2984,3072*

SUM 86.0 1.28

a _ data truncated at the 10% relative intensity level. The complete, untruncated tables are available electronically at

www.astrochemistry.org/pahdal a/index.html.

b _ Area uncertain due to overlap wih band of argon matrix isolated H20.

* - indicates strongest member of a 1nultiplet.



Table 3. Theoretical and experimental band positions and intensities for neutral 7,8-

benzoquinoline and 2-azapyrene. a

_uinoline
THEORY

A F
(cm-1) km/,,ot Irel

626.1 6.2 0.121 A'

731.1 8.5 0.166 A"

749.4 51.2 1.000 A"

821.1 41.8 0.817 A"

852.6 26.5 0.517 A"

942.7 0.9 0.018 A"

964.1 2.2 0.043 A"

1013.9 4.5 0.088 A'

1084.3 4.2 0.081 A'

1141.2 0.6 0.013 A'

1388.9 35.0 0.683 A'

1439.1 13.4 0.262 A'

1445.8 9.1 0.178 A'

1489.8 6.1 0.120 A'

1499.4 15.4 0.300 A'

1575.4 12.3 0.239 A'

1597.2 4.2 0.083 A'

3049.8,3055.3,3059.4, 3065.2,

3076.1,3086.7, 3102.6
SUM 173.3 3.38 A'

;EXPERIMENT

•7 A

(cm-1) _/mot Irel

61',-L6, 5.0 0.11
61 L9

72L3 14.0 0.30

74: .9* 46.5 1.00

807.6 16.6 0.36

82,i.6 9.1 0.20

834.0" 35.3 0.76

952.9* 7.0 0.15

1018.2 4.6 0.10

1095.2 4.9 0.10

1133.4 5.1 0.11

1405.7" 23.9 0.52

144%7* 19.3 0.42

1503.4 8.6 0.18

151_' .5* 7.6 0.16

1574.1, 4.7 0.10
1575.3

159,5.2 15.2 0.33

2)32,2965,3034,

3060*,3099

SUM 88.2 1.90

2-azap_.yrene
THEORY

A F
(cm'l) k'_/mol Irel

716.7 36.4 0.712 B 1

797.8 7.8 0.153 A 1

807.0 11.5 0.224 B 1

819.8 4.9 0.096 A 1

839.6 51.1 1.000 B 1

904.9 41.4 0.810 B 1

1077.8 3.5 0.068 A 1

1123.8 7.7 0.151 A 1

1187.8 6.2 0.122 B 2

1210.7 4.6 0.090 B 2

1245.8 0.9 0.018 A 1

1259.2 4.2 0.083 A 1

1382.1 6.8 0.132 B 2

1425.2 3.8 0.075 B 2

1429.8 14.8 0.289 A 1

1439.1 6.1 0.120 A 1

1561.2 5.2 0.101 B 2

1588.7 11.3 0.222 B 2

3045.2, 3052.0, 3058.4, 3068.1,

3077.4

SUM 173.3 3.39 A 1.

B 2

A

(crn-1) _/_oZ Irel

717.6" 44.2 1.00

804.7 6.3 0.14

816.5 21.0 0.48

822.4* 9.2 0.21

846.8* 21.7 0.49

893.7* 25.2 0.57

1024.9 5.7 0.13

1077.1 5.2 0.12

1142.1, 13.9 0.31
1143.3

1180.2, 8.2 0.19
1183.0

1208.0 6.6 0.15

1239.4 10.4 0.24

1254.4" 8.9 0.20

1385.0 4.2 0.09

1422.7 1.3 0.17

1427.5 0.03 0.004

1433.3" 3.7 0.08

1460.5" 9.2 0.21

1542.9" 8.0 0.18

1572.9 3.7 0.08

3012,3018,3029,

3042",3051,3057

SUM 67.5 1.53

a _ data truncated at the 10% relativ,; intensity level. The complete, untruncated tables are available electronically at

www.astrochemistry.orJpahda_a/index.html.

* - indicates strongest member of a .nultiplet.



Table 4. A comparison o: the total absolute absorption intensities of PANHs to their parent

PAHs in the 1100 - 500 cm -1, 1600 - 1100 cm -1, and 3150 - 2950 cm 1 regions of the spectrum.

1 EXPERIMENT

: EA EA EA
1100 >')>500 1600>_>1100 3150>_>2950

PAHs (Lvn/mol) (km/mol) (kndmoI)

phenanthrene 176 48 126

pyrene 186 54 102
benz[alanthracene 203 65 120

chrysene 217 63 126

PANI-Is (km/mol) (km/mol) (km/mol)

7,8-benzoquinoline 164 113 88

2-azapyrene 157 100 76
1-azabenz[a]anthracene 197 165 132

2-azabenz[a]anthracene 209 123 86

l-azachrysene 181 136 57

2-azachrysene 218 128 92
4-azachrysene 150 135 84

Ratios

7,8-benzoquinoline/phenanthrene 0.93 2.37 0.70

2-azapyrene/pyrene 0.84 1.86 0.74
1-azabenz[a]anth.foenz[a]anth. 0.97 2.53 I. 10

2-azabenz[a]anth./benz[a]anth. 1.03 1.88 0.71

1-azachrysene/chrysene O.83 2.17 0.45
2 -azachrysene/chrys ene 1.01 2.03 O.73

4-azachrysene/chrysene ! 0.69 2.14 0.66
Average [ 0.90 2.14 0.73

1"_ the theoretical CH stretching int,',nsities are not corrected for the expected

with calculations at the.B3LYP/4-3 G level (see §II.B). 3a

THEORY

EA EA EA t
1100>_>500 1600>_,>1 ] 00 3150>_>2950

(km/mol) (kn_/mol) (knJmol)
167 52 199

176 58 217

204 69 242

210 70 236

(Dn/mol) (knvlmol) (kan/mol)
166 126 177

171 102 181
193 176 221

194 142 218

198 130 202
210 152 207

206 160 216

0.99 2.39 0.89

0.97 1.76 0.83

0.95 2.55 0.91
0.95 2.05 0.90

0.94 1.85 0.86
1.00 2.16 0.88

0.98 2.28 0.92

0.97 2.15 0.88

actor of =2 overestimate associated



Table 5. A comparison of the average Mulliken populations on the carbon atoms of several

PANHs and their correspond;ng parent aromatic hydrocarbons.

M )lecule

phenanthrene
7, _;-benzoquinoline

pyrene
2-_tzapyrene

be az[a]anthracene

1-azabenz[a] anthracene

2-;tzabenz[a]anthracene

ch ysene
1-_-zachrysene

2-azachrysene

4-_:zachrysene

r

Average Mulliken
Population on Skeletal

Carbon Atoms
Neutzal Cation

-0.091 -0.066

-0.058 -0.029

-0.080 -0.057

-0.054 -0.028

-0.086 -0.065

-0.060 -0.037

-0.063 -0.042

-0.086 -0.066

-0.060 -0.039
-0.064 -0.042

-0.060 -0.037



Table 6. Theoretical and experimental band positions and intensities for the azachrysene cations, a

1-azachr_sene
THEORY

A

(cm- 1) _fl,,,o/ Irel F

543.6 3.5 0.012 A'

757.0 34.9 0.117 A"

778.0 16.7 0.056 A"

811.3 52.0 0.174 A"

858.3 42.8 0.143 A"

1037.4 42.7 0.143 A'

1053.1 28.6 0.096 A'

1130.9 43.5 0.146 A'

J. J. JU,U _'_'. U U. Ui_ z. A'

1188.3 18.2 0.061 A'

1230.8 107.8 0.361 A'

1237.7 58.5 0.196 A'

1286.0 23.8 0.080 A'

1301.2 73.5 0.246 A'

1339.5 211.3 0.707 A'

1353.4 42.4 0.142 A'

1419.4 78.4 0.262 A'

1438.2 15.5 0.052 A'

1479.7 298.9 1.000 A'

1485.2 10.3 0.035 A'

1501.9 125.5 0.420 A'

1515.6 81.6 0.273 A'

1529.6 101.2 0.339 A'

1544.4 151.0 0.505 A'

3086.5,3093.3, 3102.3, 3106.6,

3107.9,3115.0, 3120.6
SUM 34.0 0.114 A'

EXPERIMEN____T

Y 1 Irel

[ (cm-')
547.1 0.44

752.6 0.07

781.4 0.I0

8O6.5 0.08

1046.1" 0.14

1060.9 0.12
1130.0 0.32

ii4g.7 u.ii

1178.9" 0.10

1231.9 0.62

1285.0 0.11

1310.5 0.19

1338.7 0.45

1351.0 0.09

1431.7 0.17

1437.5" 0.36

1478.7 0.19

1487.1 1.00

1494.1 0.03

1509.3 0.17

1558.7" 0.49

2-azachr_sene

F

THEORY

A

(era- 1 ) km//mo I Irel

757.3 39.7 0.106 A"

820.7 40.2 0.107 A"

1093.3 61.7 0.165 A'

1139.0 64.2 0.172 A'

1178.3 40.9 0.109 A'

1229.7 296.8 0.794 A'

1249.1 42.2 0.113 A'

1290.2 159.4 0.427 A'

[_UOIZ 13.5 U.U4Z A'

1315.7 20.8 0.056 A'

1339.9 219.7 0.588 A'

1425.5 61.8 0.165 A'

1440.2 47.1 0.126 A'

1492.6 110.3 0.295 A'

1512.3 256.2 0.686 A'

1528.7 373.7 1.000 A'

1539.8 54.0 0.144 A'

1551.1 222.9 0.596 A'

_EXPERIMENT

Ire 1
(cm -1)

750.6 0.06

1098.7 0.31

1233.6 0.57

1293.3" 1.00

1430.4 0.23

1446.2" 0.47

1481.9 0.04

1553.0" 0.65

1575.5 0.20

THEORY

A

(cm- 1) km/mol Irel

4-azach_sene

F (cmV_l) Ire I

561.1 20.9 0.064 A'

758.9 53.3 0.162 A"

1151.9 83.2 0.253 A'

1218.5 57.6 0.175 A'

1232.7 101.4 0.309 A'

1248.3 9.6 0.029 A'

1273.7 3.1 0.009 A'

1287.4 328.4 1.000 A'

1326.6 92.9 0.283 A'

1341.1 39.9 0.122 A'

1367.1 53.5 0.163 A'

1420.7 40.8 0.124 A'

1467.8 232.1 0.707 A'

1487.3 114.5 0.349 A'

1530.4 234.1 0.713 A'

1542.3 139.5 0.425 A'

1552.6 109.1 0.332 A'

1576.7 12.6 0.039 A'

3087.1,3105.9,3108.8,3109.7,
3114.2

SUM 28.6 0.087 A'

3066.5, 3104.4, 3106.5, 3116.9

SUM 25.5 0.068 A'

552.6 0.20

1139.0 0.68

1258.9 0.17

1276.4 0.14

1297.9" 1.00

1327.6 0.26

1482.0" 0.78

1564.4 0.43

1579.3 0.23

a _ data for _'<1600 cm -1 truncated at the 10% relative intensity level; data for 3120< V<3000 cm -1 truncated at the 1% relative intensity level. The complete,

untruncated tables are available electronically at www.astrochemistry.org/pahdata/index.html.

* - indicates strongest member of a multiplet.



Table 7. Theoretical and experimental band positions and intensities for the azabenz[a]anthracene

cations, a

1-azabenz[a anthracene
T_Bg__QILY g2_gtL!NF./_

A

(cm-1) _/mot

756.9 45.1

774.9 21.0

820.0 26.1

918.6 29.6

1156.0 28.5

1186.8 0.6

1190.3 27.4

1208.9 89.0

1233.1 37.9

1308.7 130.5

Ire 1 F
(cm "1)

0.114 A" 752.1

0.053 A"

0.066 A" 803.4

0.075 A" 915.6

0.072 A' 1146.4

0.002 A' 1182.9

0.069 A' 1192.7

0.225 A' 1212.8"

0.096 A' 1229.1

0.330 A' 1317.6

1325.5"

1.000 A' 1340.2

0.071 A' 1354.4

1358.2

1365.5

A' 1391.6

A' 1411.8

A' 1428.0

A' .1478.0

A'

A' 1511.9

A' 1537.7

A' 1551.4

A' 1570.7

A' 1583.3

1599.7

1336.2 395.4

1352.6 28.2

1370.0 128.0 0.324

1389.4 67.5 0.171

1433.7 12.4 0.031

1471.2 82.5 0.209

1488.2 31.1 0.079

1511.9 17.6 0.044

1530.2 93.2 0.236

1543.6 32.3 0.082

1559.5 62.3 0.158

1573.9 50.3 0.127

Irel

0.03

0.06

0.03

0.07

0.08

0.05

0.14

0.02

0.13

0.12

1.00

0.02

0.05

0.08

0.38

0.18

0.05

0.04

0.06

0.12

0.04

0.06

0.05

0.05

3083.1, 3087.6, 3091.2, 31 )5.0,

3107.1

SUM 30.3 0.077 A'

2-azabenz[a]anthracene
THEORY

A

(cm-1) _//mol

668.6 6.9

755.7 48.5
854.2 28.2

912.2 40.1

1192.3 33.1

1222.6 42.6

1236.7 187.1

1332.8 219.7

1352.4 236.0

1364.7 142.6

1402.2 11.2

1463.8 46.8

1474.4 39.6

1483.8 29.0

1508.6 48.1

1530.0 74.4

1540.5 43.9

1556.9 47.1

1564.5 24.6

Ire I F
(cm -1)

0.029 A' 664.0

0.206 A"

0.120 A" 848.9

0.170 A"

0.140 A' 1184.1

0.181 A' 1213.6

0.793 A' 1230.8

0.931 A' 1347.6

1.000 A' 1361.8

0.604 A' 1367.3

0.048 A' 1380.8

0.198 A' 1478.7

0.168 A'

0.123 A'

0.204 A' 1513.3

0.315 A' 1531.3

0.186 A' 1547.9

0.199 A'

0.104 A'

3075.4,3089.5,3096.0,3105.9,

3108.2

SUM 30.0 0.127 A'

Irel

0.12

0.07

0.11

0.16

1.00

0.44

0.22

0.39

0.13

0.08

0.27

0.24

0.15

a _ data for "¢< 1600 cm-1 truncated at th_ 10% relative intensity level; data for 3120< V <3000 cm-1 truncated at the 1% relative

intensity level. The complete, untrur cated tables are available electronically at www.astrochemistry.org/pahdata/index.html.

* - indicates strongest member of a multiplet.



Table 8. Theoretical and experimental band positions and intensities for the 7,8-benzoquinoline and 2-

azapyrene cations, a

543.7

606.5

700.9

757.7

817.8

863.1

863.4

999.2

1018.4

1019.6

1044.2

1113.0

1143.6

1169.1

1205.0

1213.0

1239.1

1253.0

1304.5

1409.5

1424.3

1467.3

1484.2

1508.3

1517.2

1547.4

1574.7

SUM

7,8-benzoquinoline
THEORY

A

km//mol Irel

17.0 0.137

8.8 0.071

41.5 0.335

29.5 0.238

22.5 0.181

36.9 0.298

15.4 0.124

43.2 0.349

20.7 0.167

0.7 0.006

5.5 0.045

16.6 0.134

51.1 0.413

53.3 , 0.430

43.5 0.351

22.7 0.184

74.8 0.604

123.4 0.996

53.8 0.435

59.1 0.477

7.2 0.058

67.4 0.544

9.8 0.080

11.6 0.094

123.8 1.000

103.0 0.832

63.6 0.513

3089.1, 3111.7

6.0 0.049

J]XPERIMENT

F V Ire 1
(cm "1)

A' 536.3 0.36

A' 596.6 0.14

A" 698.2 0.36

n"

A"

A" 853.5 0.20

A' 870.6 0.12

A' 1003.1 0.20

A" 1012.2 0.11

A" 1024.8 0.10

A' 1053.0 0.I0

A'

A' 1t39.9 0.22

A' 1159.9" 0.60

A' 1202.6" 0.80

A' 1216.5 0.08

A' 1230.7 0.09

A' 1243.1 1.00

1249.8 0.16

1259.6 0.25

A' 1308.2 0.40

A' 1420.5 0.14

A' 1431.7 0.03

A' 1439.1 0.69

A' 1490.7" 0.90

A' 1509.0 0.12

A' 1536.3" 0.92

A'

A' 1583.1 0.09

A'

(cm"1)
689.3

847.5

918.8

978.0

992.4

1254.7

1275.6

1337.7

1362.8

1411.7

1434.4

1451.6

1523.0

2-azapyrene
THEORY

A F
_/,,oZ Irel

41.7 0.205 B 1

60.1 0.295 B 1

35.7 0.175 B 1

24.8 0.122 B 2

50.4 0.247 A 1

77.9 0.382 A 1

23.2 0.114

111.6 0.547

5.1 0.025

43.0 0.211

25.8 0.127

30.1 0.147

204.0 1.000

_' Ire 1

(cm" 1)
694.8 0.15

855.8 0.09

914.1 0.07

990.7 0.11

1004.8 0.10

1259.2 0.13

0.70

0.33

0.25

0.31

3073.7, 3090.7

SUM 6.1 0.030

B 2 1305.1"

B 2 1351.7"

B 2 1358.7

B 2 1428.0"

A 1

A 1

B 2 1548.7

B 2

1.00

a. data for V<1600 cm -1 truncated at the 10% relative intensity level; data for 3120< _'<3000 cm -1 truncated at the 1% relative

intensity level. The complete, untrunzated tables are available electronically at www.astrochemistry.org/pahdata/index.html.

* - indicates strongest member of a multi[let.



Table 9. A comparison of the total absolute absorption intensities of PANHs and their

corresponding PAHs in neutral and cationic forms in the 1100 - 500 cm -1, 1600 - 1100 cm -1, and

3 50 - 2950 cm -1 regions_of the spectrum.

PAHs

phenanthrene

pyrene
benz[a]anthracene

chr_sene

Average

PANHs

7,8-

benzoquinoline

2-azapyrene
1-azabenz[a]anth.
2-azabenz[alanth.

1-azachrysene

2-azachrysene

4-azachrysene
Average

EA EA EA*
1100>9>500 ] 600>_)>1100 3150> _>2950

neutral cation neutral cation neutral cation
kin�tool kmZ, no l kin�tool kin�tool km/m o l kin�tool

167 2(0 52 953 199 15

176 225 58 525 217 13
204 267 69 1694 242 44

210 257 70 2064 236 49

166 268 126 905 177 11

171 242 102 616 181 8

193 234 176 1370 221 36
194 2G5 142 1350 218 34

198 323 130 1552 202 37

210 329 152 2099 207 34
206 283 160 1762 216 36

Ratios (cation/neutral)

EA E A E A
1100>_>500 1600>'¢>1100 3150> f'>2950

1.55 18.2 0.07
1.28 9.1 0.06

1.31 24.5 0.18
1.41 29.4 0.21

1.39 20.3 0.13

1.62 7.2 0.06

1.41 6.0 0.05

1.21 7.8 0.17
1.05 9.5 0.15

1.62 12.0 0.18

1.57 13.8 0.17

1.36 11.0 0.17

- the theoretical CH stretching intensities are not corrected for the expected factor of =2

with calculations at the B3LYP/4-31G level (see §II.B). ref: L&13, spectrochim.acta

1.41 9.6 0.13

overestimate associated



Table 10. Calculated dipole moments and rotational constants for several neutral and cationic

PANH species, a

PANH

7,8-benzoquinolme

2-azapyrene

1-azabenz[a]anth.

2-azabenz[a]anth.

1-azachrysene

2-azachrysene

4-azachrysene

Neutral _'

#a A #B B P'C C

(D) (GHz) (D) (GHz) (D) (GHz)

0.7 1.609 -1.71 0.568 0 0.420

-3.16 1.019 0 0.555 0 0.359

0.92 1.164 1.39 0.262 0 0.214

-1.77 1.170 2.43 0.257 0 0.210

1.44 1.267 1,95 0.264 0 0.218

3.36 1.271 0.21 0.262 0 0.217

-0.48 1.259 -1.82 0.268 0 0.221

#A A

(D) (GHz)

Cation

#B B /x C C

(D) (GHz) (D) (GHz)

-0.68 1.626 -2.32 0.563 0 0.418

-3.59 1.027 0 0.551 0 0.359

-1.39 1.166 1.76 0.262 0 0.214

-4.61 1.173 2.88 0.256 0 0.210

3.11 1.279 2.2 0.261 0 0.217

4.34 1.283 0.36 0.259 0 0.216

1.38 1.270 -1.76 0.265 0 0.220

a _ the (a, b, c) coordinate system s as defined in Figure1.



_u0=1.85D_I//x+=2.4-_D

7,8-benzoquinoline

]%=3.16D

pt+=3 59D

2_azapyrene

"_4 "_ _u°=1"67D
,u+=2.._ D ."

1-azabenz[a]anthracene

H_=5 44D ///

_/fo=3.01D

2-azabenz [a]anthracene

H+=3.81_//

Jjl_,Uo =2.42D

1-azachrysene

/,t+=4.35D

2-azachrysene

H+=2' 24D_JHo = 1.88D

4-azachrysene
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